The production of jets in charged current deep inelastic scattering (CC DIS) constitutes a class of observables that can be used to simultaneously test perturbative predictions for the strong and the electroweak sectors of the Standard Model. We compute both single jet and di-jet production in CC DIS for the first time at next-to-next-to-leading order (NNLO) in the strong coupling. Our computation is fully differential in the jet and lepton kinematics, and we observe a substantial reduction of scale variation uncertainties in the NNLO predictions compared to next-to-leading order (NLO). Our calculation will prove essential for full exploitation of data at a possible future LHeC collider.
Jet production in charged-current (CC) deep inelastic scattering (DIS) provides an important testing ground for both the strong and electroweak sectors of the Standard Model. Inclusive single jet CC DIS allows direct measurement of the CC structure functions [1] as well as the Wboson mass (M W ). Di-jet production provides sensitivity to the value of α s at leading order (LO) in QCD. At the HERA collider, CC events have been observed with final states containing up to four jets, and fully differential results have been presented for production of up to three jets [2] . At leading order, single jet inclusive production is characterised by the basic scattering process W ± q → q , whereas for di-jet production at LO both initial state gluons and quarks are present for the first time through the production channels W ± g →and W ± q → gq . As the W + (W − ) bosons couple separately to the down(up)-quarks inside the proton, these processes can provide useful constraints on the valence quark flavour content of parton distribution functions (PDFs) in the relevant kinematic regions.
CC DIS can occur either in leptonic scattering (as at HERA) or neutrino scattering. While generally taking place at lower energies than at leptonic colliders, neutrino initiated DIS experiments allow complementary measurements to leptonic DIS in different kinematic regimes, useful not only for structure function measurements [3] and in PDF flavour determinations, but also in understanding e.g. backgrounds for neutrino oscillation experiments [4] .
The differential next-to-leading order (NLO) QCD contributions to dijet and single-jet production in CC DIS have been known for some time [5] , and the inclusive CC structure functions have more recently been calculated to next-to-next-to-next-to-leading order (N3LO) in QCD [6] . These give uncertainties smaller than the (statistically dominated) experimental error for the majority of H1 and ZEUS measurements at HERA [2, 7] . However, for a potential LHeC machine at CERN with a proposed luminosity a thousand times larger than at the HERA experiment [8] , more precise predictions would be required to become competitive with the anticipated experimental uncertainties. A centre-of-mass design energy of √ s ≈ 1.5 TeV would also allow such an experiment to examine the content of the proton at a larger range of values of Bjorken-x and gauge boson virtuality Q 2 than was previously possible at HERA. To be able to fully exploit the statistical precision that would be possible at a future LHeC experiment, the calculation of jet production in CC DIS to higher orders in QCD is essential.
In this letter, we present first results on the calculation of fully differential single-and dijet production in CC DIS at next-to-next-to-leading order (NNLO) in QCD using the NNLOjet program, and their comparison to ZEUS data. The calculations require the two-loop matrix elements (MEs) for one-and two-parton final states [9] , the one-loop MEs for two-and threeparton final states [10] and tree-level MEs for three-and four-parton final states [11] . After renormalisation of ultraviolet divergences, each of these contributions individually contains a number of infrared (IR) divergences. These are present as either explicit poles in the dimensional regulator or implicit phase space divergences from collinear and/or soft regions, and cancel when the contributions from final states of different multiplicity are combined.
Many different techniques exist to regulate these IR singularities, and in our calculation we employ antenna subtraction [12] which forms the basis for the IR subtraction of all processes implemented in the NNLOjet framework. NNLOjet is a parton-level event generator that provides calculations of the differential cross sections for various collider processes to NNLO accuracy in QCD. Following first results of vector boson production in association with a jet [13] and di-jet production [14] in proton-proton collisions, di-jet production in neutral current (NC) , and NNLO (red cross-hatched) are compared to ZEUS data from Ref. [2] for Q 2 , η j , E T j and x distributions for inclusive single jet production in e − − P collisions. The bands correspond to scale uncertainties as described in the main text. and diffractive DIS [15, 16] and three-jet production in e + e − -annihilation [17] , the process library was recently expanded to include Higgs production in vector boson fusion (VBF) in protonproton collisions [18] , and single-jet production to N3LO QCD in NC DIS [19] , using the method of Projection-To-Born (P2B). Results obtained within NNLOjet have already been used in phenomenological studies including the determination of α s (M Z ) from combined H1 jet data [20] . It is also worth mentioning that the known N3LO structure functions complemented by the presented fully differential NNLO calculation of CC di-jet production would allow for fully differential N3LO calculations of CC DIS to be perfomed using the method of P2B, as in [19] , and that the calculations of leptonic CC DIS could equally be used for neutrino DIS studies.
The kinematics of a fully inclusive leptonic CC DIS event take the generic form
where P is the incoming proton, l the incoming lepton, ν the outgoing neutrino and X a generic hadronic final state, with their corresponding momenta in brackets. The process is mediated by a W boson of momentum q = k − k, and can be fully described by the standard DIS variables Figure 2 : Predictions at LO (green right-hatched), NLO (orange left-hatched), and NNLO (red cross-hatched) are compared to ZEUS data from Ref. [2] for Q 2 , η j , E T j and x distributions for inclusive single jet production in e + − P collisions. The bands correspond to scale uncertainties as described in the main text.
Here x is the usual Bjorken-x and y is the scattering inelasticity (energy fraction of the incoming lepton that is transferred to the proton).
The ZEUS collaboration measured jet distributions in the collision of 920 GeV protons with polarised 27.6 GeV electrons/positrons corresponding to a centre-of-mass energy of √ s = 318.7 GeV [2] . The measurements were taken as functions of x, Q 2 , leading jet transverse energy E T j and pseudorapidity η j for inclusive jet production, and Q 2 , transverse energy E T 12 , average pseudorapidity η 12 and invariant mass M 12 of the two leading jets for di-jet production. In the experimental analysis, the jets are p T ordered and clustered in the laboratory frame, applying the k T -clustering algorithm in the longitudinally invariant mode. Results are presented for both e + − P and e − − P scatterings, and are corrected for polarisation effects to give unpolarised cross sections.
In our calculation, electroweak parameters are defined in the G µ -scheme, with W -boson mass, M W = 80.398 GeV, width Γ W = 2.1054 GeV, and Z-boson mass M Z = 91.1876 GeV, with electroweak coupling constant α = 1/132.338432 and Fermi constant G F = 1.166 × 10 −5 GeV −2 . The number of massless flavours is five and contributions from massive top-quark loops are neglected. The calculations are performed using the NNPDF31 PDF set with α s (M Z ) = 0.118 For di-jet production, the renormalisation (µ R ) and factorisation (µ F ) scales are set to µ for Q 2 , η 12 , E T 12 and M 12 distributions for inclusive di-jet production in e − − P collisions. The bands correspond to scale uncertainties as described in the main text.
, where p T is the average transverse momentum of the two leading jets, and for single jet inclusive production, µ 2 F = µ 2 R = Q 2 . Scale variation uncertainties are estimated by varying µ R and µ F independently by factors of 0.5 and 2, restricting to 0.5 ≤ µ R /µ F ≤ 2.
Each event must pass the DIS cuts:
and the jet pseudorapidity must lie in the range −1 < η j < 2.5. The theory distributions are corrected for hadronisation and QED radiative effects using the multiplicative factors provided in [2] . LO cross sections for up to 4-jet production and NLO cross sections for up to 3-jet production in CC DIS in NNLOjet were validated against SHERPA [22] , with OpenLoops [23] used to evaluate the relevant one-loop amplitudes. All give excellent agreement. A comparision of NNLOjet predictions to ZEUS data for cross sections differential in Q 2 , η j , E T j and x in single jet inclusive production in unpolarised e − −P collisions is shown in Fig. 1 . In addition to the DIS cuts defined in (3) and the pseudorapdity cut for the jets, events are required to have at least one jet with transverse energy E T j > 14 GeV. Corresponding results for unpolarised e + − P collisions are shown in Fig. 2 . In general, we find good agreement between theory and data, with overlapping scale uncertainty bands for NLO and NNLO predictions and a typical reduction in scale variation uncertainties from NLO to NNLO by a factor of two or better. For the first time, a stabilisation of the QCD prediction can be observed also for the lowest bins in the η j and Q 2 distributions. For low values of x and Q 2 , the predictions for e − −P and e + − P collisions begin to coincide as contributions from sea quarks and gluons inside the proton become dominant and differences between W + and W − exchanges vanish.
A comparision between NNLOjet results and ZEUS data for cross sections differential in η 12 , E T 12 , M 12 and Q 2 for inclusive dijet production in unpolarised e − − P collisions is shown in Fig. 3 . Corresponding results for unpolarised e + − P collisions are shown in Fig. 4 . In the experimental analysis, the leading jet is required to have a transverse momentum E T 1 > 14 GeV and the subleading jet is required to have E T 2 > 5 GeV in order to avoid perturbative sensitivities to higher order corrections. For both e − − P and e + − P collisions, theory and data show good agreement. We observe overlapping NLO and NNLO scale uncertainty bands with a reduction of scale variation uncertainties by typically a factor of two or better from NLO to NNLO. For the η 12 distributions, moderately large and negative higher-order QCD corrections in the lowest bins are observed. In these bins, NNLO scale variation uncertainties are in some cases larger than at NLO. This can be explained by the observation that at NLO, the scale band that lies at the top in the first bin switches to the bottom in the fourth bin and the scale band at the bottom moves up to top at the same time. This turnover of scale bands results in artificially small scale variation uncertainties at NLO, underestimating the uncertainty from truncation of the perturbative series. This is no longer the case at NNLO, where the scale errors provide a more realistic estimation of the uncertainty and the shape of the NNLO distribution better matches the data than at NLO.
In this letter, we presented the first calculation of single jet and di-jet production in charged current deep inelastic scattering for both W + and W − exchanges at next-to-next-to-leading order in QCD. Our results are fully differential in the kinematics of the lepton and the jets. We applied our calculation to the kinematical situation relevant to the ZEUS experiment at HERA. We observe good agreement between theory and data with a perturbatively converging predictions and substantially reduced scale variation uncertainties from NLO to NNLO. Anticipating a reduction of statistical uncertainties by a factor of ∼ 30 at a future LHeC collider, the NNLO corrections are mandatory. However, even more precise theoretical predictions may be needed to fully exploit LHeC data, and our calculation is the first step to providing fully differential single jet inclusive N3LO cross sections for CC DIS processes, and can in principle also be used for neutrino DIS in future studies.
